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Got your sequencing data - now, what to do with it?

m File size: several Gb
m Number of lines: >1,000,000

@M02443:17:000000000-ABPBW:1:1101:12675:1533 1:N:0:1
TCGATAATTCTTACTTTCTCTCTGGTCTGAGCGTTTCACATCAACGACAAGCTCGA
TTCTTCCTTTTCTCTTTTTTTCTTCTCTTCCTCTTTTTTCCTTTTCTCCCTCTTCT
TTTTTTTTTCTTCTT

+
8B6-0-,CFFEDOCFAEQQC6 ; @, CFEEF9<@6FGGF9F<CC, ,CB,@: : 8CF, 6+
, ,3733>>00,,,3880,,8*%,773333,3,333738,%*,,,,,,76,,2,,2,,2
0%) .1.)) (0O%)*x%x
©M02443:17:000000000-ABPBW:1:1101:18658:1535 1:N:0:1
TCCCTAATTCTCTGTCTTCAAATTTTCCTTCTCTAAATCGTCCCTCGTTTCTACCT
TTTCTTGTTTTTTTATTTCCTCCTCTTCCTTTTTTACTTCCACCTTCTTTTCTGCC
TTTTCTTCTTTTTCT

+
-<<9-@CCEF9CE-<,,,,,;,,<C,=,6,C9,C<=C,,,;,86C,6:C,,,;<;,,
55350, 00,,9t 4, .., ,5555538,8563,5,,3,,7,,,6,,5557,555,
+0, O+++)11. %) *
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Background information
©0000

Before library preparation

What you need to know to steer your way through the analysis
m Research question

m Identify adaptive genes

m De novo genome assembly
m Population genetic structure
m Phylogenetic relation

m Experimental design

m Number of individuals
m Treatment of samples (e.g. heat stress)

m Sample collection

m Samples degraded (e.g. stored in Formalin)
m Tissue (reproductive, vegetative)

m What genetic sources are further available?
m Lucky, if you have a reference genome
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Background information
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Library preparation

m DNA-seq, RNA-seq, Bis-Seq, Chip-Seq. ..
m RNA reads (which lack introns) requires splice-aware mappers.
m Bis-seq changes GC ratio (bisulphite converts cytosine to
uracil, but leaves 5-methylcytosine unaffected)
m Chip-Seq enriches binding-sites of DNA-associated proteins

m Pooled samples?

m Demultiplexing
m Remove barcodes

m Adapter sequences for trimming

m Targeted coverage
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Background information
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Single- or Paired end sequencing, read length

Library fragment

= =
Adapter Adapter
Flowcell /bead binding sequences Flowcell/bead binding sequences

Amplification primers Amplification primers
Sequencing primers Sequencing primers
Barcodes Barcodes
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Background information
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Single- or paired-end sequencing, read length - why does it

matter

Single-end Paired-end
Read1 | Read 1
e | s
Read 2
Read 1 Ldl»
e | s
Read 2
Read 1 Read 1

Read 2
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Background information
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Expected read lengths and sequencing qualities for the most

common sequencing platforms

Platform Max read length  Reads/run or lane  Consideration

[llumina 2x300 312,500,000

HiSeq 3/4000

[llumina 2x600 25,000,000

MiSeq v3

Roche 454 700 700,000 High error rate
GS FLX+/FLX

lon PGM 318 400 4,000,000

PacBio RSII 14,000 47,000 High error rate
SoliD 2x100 266,666,667 Low error rate
5500x W Color-space
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Primary analysis
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Primary analysis

m Demultiplexing
m Adapter trimming

m Quality control
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Primary analysis
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Fastq file

4 lines that contain
m sequence id

m @, instrument name, flowcell lane, tile number, and flowcell x,y
coordinates
m barcode sequence and pair number for paired-end sequencing

m sequence
m quality scores
@HWI-ST141_0365:2:1101:2983:2114#TTAGGC/1

GATTTGGGGTTCAAATTAGTATCGATCAAATAGTAAATCCATTTGTTCAACTC
+

V20 (CCCCwkk+) YLD AA+) CAARA) . 1kkk—+%2 7)) %x55CCEF>>>>>>CC
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Primary analysis
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Trimmig: Adapter removal

Adapters disturb assembly and alignment

GATTTGGGGTTCAANNNNNNNATTAGTATCGAT
GATTTGGGGTTCAANNNNNNNATTAGTATCGAT
TTGGGGTTCAANNNNNNNATTAGTATCGAT
GATTTGGGGTTCAANNNNNNNATTAGTATCGAT
ATTTGGGGTTCAANNNNNNNATTAGTATCGAT

GATTTGGGGTTCAANNNNNNNATTAGTATCGAT
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Primary analysis
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Demultiplexing of pooled samples (if barcoded)

AATTANNNNNNNNNNNNNNN File 1
AGTCGNNNNNNNNNNNNNNN File 2
AGTCGNNNNNNNNNNNNNNN File 2
GCCATNNNNNNNNNNNNNNN File 3
AATTANNNNNNNNNNNNNNN File 1
GCCATNNNNNNNNNNNNNNN File 3

AGTCGNNNNNNNNNNNNNNN File 2
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Primary analysis
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Trimmig of low-quality bases

m Trim bases with a Phred quality score <20

m Quality = —10 * log1oP

Phred Score

Probability of incorrect base

Base call accuracy

10
20
30

1in 10
1in 100
1in 1000

90%
99%
99.9%
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Primary analysis
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Fastq file contains both sequence reads and base quality

SCores

Fastq file

@SEQ_ID
GATTTGGGGTTCAAATTAGTATCGATCAAATAGTAAATCCATTTGTTCAACTC
+

V20 (CC (ko) YLD AA+) CAARA) . 1xkkk—+%2 7)) *x55CCEF>>>>>>CC

Fasta file

>SEQ_ID
GATTTGGGGTTCAAATTAGTATCGATCAAATAGTAAATCCATTTGTTCAACTC
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Primary analysis
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Base qualities are encoded in ascii format

ASCII stands for American Standard Code for Information
Interchange. An ASCII code is the numerical representation for a

character.
Dec HxOct Char Dec Hy Oct Html Chr  |Dec Hyx Oct Himl Chr| Dec Hx Oct Hirml Chr
0 0 000 NUL {nullj 32 20 040 «#32; Space| 64 40 100 s#64; B | 96 60 140 &#96;
1 1001 30H {start of heading) 33 21 041 &#33; ! 65 41 101 «#65; A | 97 61 141 s#97; &
2 2 002 5TX (start of text) 34 22 042 e#34; 7 66 42 102 «#66; B | 95 62 142 s#98; b
3 3 003 ETX (end of text) 35 23 043 &#35; # 67 43 103 &#67; C | 99 63 143 s#99; C
4 4 004 EOT (end of transmission) 36 24 044 &#36; § 65 44 104 «#68: D (100 64 144 &#100; d
5 5 005 END (engquiry) 37 25 045 &#37: % 69 45 105 #6357 E 101 65 145 s#101; &
£ 6 006 ACKE [acknowledge) 38 26 046 &#38; & 70 46 106 «#70: F |102 66 146 &#102; €
7 7 007 EEL (bell) 39 27 047 &#38; ' 71 47 107 #71; G (103 67 147 &#103; 9
8 8 010 ES (backspace) 40 28 050 &#40; | 72 48 110 &#72; H (104 68 150 s#104; h
9 9 011 TABE (horizontal tab) 41 29 051 &#41; ) 73 49 111 &#73; I |105 69 151 &#105; 1
10 & 012 LF (NL line feed, new line)| 42 Zi 052 &#42; * 74 44 112 &#74; 7 |106 A 152 s#106; J
11 B 013 VT (vertical tab) 43 2B 053 &#43; + 75 4B 113 &#75; K |107 6B 153 &#107: k&
12 C 014 FF (NP form feed, new page)| 44 2C 054 &«#44; , 76 4C 114 «#76; L |10% 6C 154 s#108; 1
13 D 015 CR  (carriage return) 45 2D 055 &#45; - 77 4D 115 «#77; M 109 6D 155 s#109; .
14 E 016 20 (shift out) 46 2E 056 &#46; . 78 4E 116 «#78; N |110 6E 156 s#110; 1
15 F 017 51  (shift in} 47 2F 057 &#47; / 79 4F 117 «#79; 0 |111 &F 157 s#111; 0
16 10 020 DLE {data link escape) 48 30 060 &#48; 0 g0 50 120 «#80; P 112 70 le0 s#llz2; p
17 11 021 DCLl (device control 1) 49 31 061 &#49; 1 g1 51 121 «#81; 0 |113 71 16l s#113; d
18 1z 022 DCZ (device control Z) 50 32 062 &#50; 2 82 52 122 &#82; R |114 72 162 s#114; ©
19 13 023 DC3 (device control 3) 51 33 063 &#51; 3 83 53 123 &#83; 5 |115 73 163 s#115; 5
20 14 024 DC4 (device control 4) 52 34 064 &#52; 4 54 54 124 «#84; T (116 74 164 s#ll6; ©
2l 15 025 NAE (negative acknowledge] 53 35 065 &#53; 5 85 55 125 «#85; U (117 75 165 &#1l7; U
22 16 026 VN (synchronous idle) 54 36 066 &#54; 6 86 56 126 «#86; ¥ 118 76 lo6 s#l18; v
23 17 027 ETE (end of trans. block) 55 37 067 &#55; 7 87 57 127 «#87; W 119 77 167 &#119; W
24 18 030 CAN (cancel) 56 33 070 &#56; & G5 55 130 «#88; X |120 7§ 170 &#120; X
25 13 031 EM  (end of medium) 57 38 071 &#57; 9 89 59 131 «#89; ¥ [121 79 171 s#121; ¥
26 1A 032 SUB (substitute) 58 34 072 &#58; : 90 54 132 «#90; £ |122 Th 172 s#lZZ; =
27 1B 033 ESC (escape) 52 3B 073 «#59; ; 91 5B 133 «#9l: [ |123 7B 173 s#123; {
28 1C 034 F§  (file separator) 60 3C 074 «#60; < 9z 5C 134 «#92; Y |124 7C 174 s#l24; |
29 1D 035 G (group separator) 61 3D 075 &#6l; = 93 5D 135 «#93: 1 |125 7D 175 «#125; }
30 1E 036 RS (record separator) 62 3E 076 &#62; > 94 5E 136 «#94; * |126 7E 176 s#126; ~
31 1F 037 US  (unit separatar) 63 3F 077 &#63: ¢ 95 SF 137 «#95: _ |127 7F 177 &#127: DEL
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Base qualities are encoded in ascii format

ASCII stands for American Standard Code for Information

Dec Hx Oct Himl

Interchange. An ASCII code is the numerical representation for a

by

GHETS
¥
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npace
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Primary analysis
00000000e000000

ASCII encodings of sequencing platforms

888855588588 5555555585855 555585885555 S55 S AR TR R PP PR PR PP R e
.......................... KX KXX XXX XNKXKX L
............................... ITITITIIIITIITIIIIITIIIINIITIINIIIIIIININNNI...

33 59 64 73 104
@eccoonconooaansonnasanca Abccc&lllossssoa 40
5escd@oocanooc tlaccoooooonooanoonnnaaanconnac 40
Boocooooe ®occonnoonoo0000000000000000a: 40
@etoonocoonoaanoonnasanca 2 G | P 41
S - Sanger Phred+33, raw reads typically (0, 40)
X - Solexa Solexa+64, raw reads typically (-5, 40)

I - Illumina 1.3+ Phred+64, raw reads typically (0, 40)

L - Illumina 1.8+ Phred+33, raw reads typically (0, 41)

Figure : Quality score encodings
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Primary analysis
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Quality control tool: FastQC

Informs on:
m Base quality
m Duplication

m Overrepresentation of sequences

m contamination?
m adapters?

GC content (should be around 50%, in Bis-Seq lower)
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http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

Primary analysis
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Quality before trimming

Quality scores across all bases (Sanger / llumina 1.8 encoding)

% ORARAA

- Ll I

1234567891519 30-34 45-49 60-64 75-79 9084 110-114 135-139 160-164 185-189 210-214 235-239 260-264 285-289
Position in read (bp)

Figure : Base-quality generally decreases with increasing sequencing
length
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Primary analysis
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Quality after trimming

Quality scores across all bases (Sanger / llumina 1.9 encoding)

HREERA &l [FEcae

38 III

1234567801519 30-3d 45-49 60-64 75-79 90-94 110-114 135-139 160-164 185189 210-214 235-23% 260-264 285280

Position in read {bp)

Figure : Quality after trimming
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Primary analysis
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Sequence bias in first few bases of illumina RNAseq

Due to 'random’ hexamer primers for reverse transcription

Sequence content across all bases

90 %A
B
70
60
S50
40

30

20

1 2 3 4 5 6 7 8 8 1518 25-28 35-39 45-49 55.58 6568 7579 85-89 95-89
Posttion in read (bp)

Figure : Per base sequence content (FastQC output)

(Hansen et al., 2010) 20 /45



Primary analysis
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Hexamer primers for cDNA synthesis cause sequence bias

5 3’ fragmented mRNA
37 NN 5" random hexamer primer
First strand synthesis Reverse transcription
A,
5 3
3 - 5'
RNAse H, E. coli DNA Poly-
Second strand synthesis merase |, T4 DNA Ligase,
v dNTPs
5 > > > 3
3 5
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Primary analysis
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PCR Duplicates

Duplicates are generally removed in quantitative analyses (e.g.
RNA-seq)

Fercent of seqs remaining if deduplicated 84.81%

% Deduplicated sequences
% Total cequences
90

a0
70
60
S50
40
30

20

1 2 3 [ 5 5 7 8 S >10 »50 »100 =500 »lk =5k =10k
Sequence Duplication Level

Figure : Duplication levels (FastQC output) 22 /45



Secondary analysis
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De novo assembly

Task: Look for overlapping regions and create contigs (contiguous
sequences)
m Genome assembly

m SOAP de NOVO
m Velvet
= MIRA

m Transcriptome assembly

m Review: Martin and Wang (2011)
m Trinity
= MIRA
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Secondary analysis
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De novo assembly: Step by step

Genome '
Reads — =—————— ——
Mate-pair e -
Scaffold
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Secondary analysis
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De novo assembly: The N50 metric

N50 is a single measure of the contig length size distribution in an
assembly

m Sort contigs in descending length order

m Size of contig above which the assembly contains at least 50%
of the total length of all contigs

Intervals may represent contigs,

Start at largest. -~ .
scaffolds, gaps, alignments, etc.

| | |
70% 90%

I
S+

|
0 10% 30%

This interval is your N50.

Figure : From Kane, N.C.
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Secondary analysis
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Mapping against reference genome/transcriptome

m Main purposes:
m Identify variants (SNPs, InDels)

ACAGTTAGGACATAGATTTAAGGCATCGATTATAGCCATAGAT

ACAGTTAGGACATAGATATAAGGCATCGATTATAGCCATAGAT
ACAGTTAGGACATAGATTTAAGGCATCGATTATAGCCATAGAT
ACAGTTAGGACATAGATTTAAGGCATCGATTATAGCCATAGAT
ACAGTTAGGACATAGATATAAGGCATCGATTATAGCCATAGAT
ACAGTTAGGACATAGATATAAGGCATCGATTATAGCCATAGAT
ACAGTTAGGACATAGATTTAAGGCATCGATTATAGCCATAGAT
ACAGTTAGGACATAGATTTAAGGCATCGATTATAGCCATAGAT
ACAGTTAGGACATAGATTTAAGGCATCGATTATA- - -ATAGAT

SNP Deletion
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Secondary analysis
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Mapping against reference genome/transcriptome

m Main purposes:

m Quantify gene expression

Gene 1 Gene 2

Population 1

Population 2 26 /45



Secondary analysis
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Mapping: Global versus local alignment

m Global alignment (e.g. BWA, Bowtie2)
m Needleman-Wunsch algorithm
m aligns sequences in their full length
m typically used for multiple sequence alignment when sequences
are similar
==T--CC-C-AGT--TATGT-CAGGGGACACG--A-GCATGCAGA-GAC

I I b

AATTGCCGCC-GTCGT-T-TTCAG--—-CA-GTTATG--T-CAGAT--C

tceCAGTTATGTCAGgggacacgagcatgecagagac

[NRARARRARAS!

aattgccgecgtegttttcagCAGTTATGTCAGALE

Figure : Global vs local alignment from rosalind.info

m Local alignemt

Smith-Waterman algorithm

m clipping of terminal unmatched bases

m Only aligned bases contribute to the alignment's score

m used to target smaller portions of genes with high similarity
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http://rosalind.info/glossary/local-alignment/

Secondary analysis
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Splice-aware alignment of RNAseq reads

RNA-Seq reads

= = [ (-
0O o g4 — Y
i [:][:|I:] — I:ID
e e =
— -
- s s W
e i [ s R
Align reads to
genome
1 0= i
Oo0——AOoODo 00— O
= b—— O OO —O s
[ | - o s s Y e | |
— O 0—0O OOoOCOs—— /s,
— O CO—AO0o 93 b—Ooa/
Genome

Figure : Adapted from Haas and Zody (2010)
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Secondary analysis
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Mapping: SAM/BAM files example

Output format of most alignment programs

m Header lines preceded by @
m One tab-delimited line per read

@HD VN:1.0

@sQ SN:ichr20 LN:62435964

@RG ID:L1 PU:SC_1 10 LB:SC_1 SM:NA12891

@RG ID:L2 PU:SC_2_ 12 LB:SC_2 SM:NA12891

read 28833 29006 6945 99 chr20 28833 20 10M1D25M = 28993 195 \
AGCTTAGCTAGCTACCTATATCTTGGTCTTGGCCG <<<<<<<<<<<<I<LLLLLLLL:<9/,&,22; ;;<<< \
NM:i:l RG:Z:Ll

read 28701 28881 323b 147 chr20 28834 30 35M = 28701 -168 \
ACCTATATCTTGGCCTTGGCCGATGCGGCCTTGCA <<<<<;<<<<T; 1<<<h; <<<<L<LLLLLLT <<\
MF:1:18 RG:Z:L2

Figure : Example from http://samtools.sourceforge.net/SAM1.pdf
m SAM files are large

m BAM: Compressed binary versions, not human-readable
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http://samtools.sourceforge.net/SAM1.pdf

Secondary analysis
0000000e000000

Mapping: Mandatory fields in SAM files

Col Field Type Regexp/Range Brief description

1 QNAME String [!-7A-"1{1,255} Query template NAME
2  FLAG Int [0,2'%-1] bitwise FLAG
3  RNAME  String \x|[1-0O+-<>-"]1[1-"1% Reference sequence NAME
4 POS Int [0,2%1-1] 1-based leftmost mapping POSition
5 MAPQ Int [0,2%-1] MAPping Quality
6 CIGAR String  \*| ([0-9]+[MIDNSHPX=])+ CIGAR string
7  RNEXT String  \x|=|[1=-()+-<>=-"]1[!-"]* Ref. name of the [udt(—:/m—:xt read
8  PNEXT Int [0,23]—1] Position of the mat(—:/u(—:xt read
9 TLEN Int [—2“+1,231—1] observed Template LENgth

10 SEQ String  \*| [A-Za-z=.]+ segment SEQuence

11 QUAL String  [!-"]+ ASCII of Phred-scaled base QUALity+33

Explanation of the flag field (click here: Link1, Link2)
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https://ppotato.wordpress.com/2010/08/25/samtool-bitwise-flag-paired-reads/
http://broadinstitute.github.io/picard/explain-flags.html

Secondary analysis
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Mapping: CIGAR string in SAM files

Op BAM  Description

alignment match (can be a sequence match or mismatch)
insertion to the reference

deletion from the reference

skipped region from the reference

soft, clipping (clipped sequences present in SEQ)

hard clipping (clipped sequences NOT present in SEQ)
padding (silent deletion from padded reference)

sequence match

sequence mismatch

o

I [ e == > B — T o R
S0 ~1 U= W~
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Secondary analysis
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Variant calling

Consistent mismatches in the alignment indicate:
m Single Nucleotide Polymorphisms (SNPs)
m Insertions/Deletions (InDels)
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Secondary analysis
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Identified SNPs vary between programs/algorithms

Venn diagram of the number of SNPs (coverage >400) called with
four programs from the same alignment file (ddRAD tags mapped
against the genome of Guppy).

CRISP mpileup

1968 2075 772

4784 —
5217 726

990

1534
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Secondary analysis
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VCF file format

Variant call format
m described in http://www.1000genomes.org/node/101
m informs on location and quality of each SNP
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http://www.1000genomes.org/node/101

Secondary analysis
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VCF file information

Example
Mand ry header lines
Optional header lines (meta-data
5 tion="Ancestral Alle & about the annotations in the VCF body)
H "HapMap2 membe
o T,Number=1,Ty iption="
= Number=1,Ty ription=
5 iption=" =alt)">
> Integer,Description=
cripti Type of struc variant">
##INFO=<ID=END, Number=1, Type=Integer,Description="End position of the variant" Refi lel (GT=0
#CHROM POS ID  REF ALT  QUAL FILTER INFO FORAAT SAMPLEL  SAMP eerence afleles L
- . ACG_ A AT . PASS . - 1/2:13  8/6%29
g 1 2 rsl T.CT PASS  H2;AA=T m 1:160 2/24
o)1 5 . G ASS . GT:GQ 1je:77 1/1
1 108 T/ <DEL> P SUTYPE=DEL;END=366  GT:GQ:0P A/1:12:3 0/0:20  Alternate alleles (GT>0 is
an index to the ALT column)
Deletion™ ¢4 I D e D O Phased data (G and C above
Large SV are on the same chromosome)

Figure : VCF file info from
http://vcftools.sourceforge.net/VCF-poster.pdf

Phased alleles are on the same chromosome strand

35/45


http://vcftools.sourceforge.net/VCF-poster.pdf

Secondary analysis
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VCF file information

##INFO=<ID=END,Number=1, Type=Integer ,Description"End position of the variant"s> -

#CHROM POS 1D REF ALT  QUAL FILTER INFO FORMAT SAMPLEL  SAMP LAe LG L Lty

1 PASS . GT:DP 1/2:13  0/0%29

1 PASS  H2;AA=T GT:60 0[1:108 2/2:70

1 AS5 . GT:60 110:77 1/1:

1 B SVTYPE=DEL;END=308  GT:GQ:0P A/1:12:3 0/8:28 — Alternate alleles (GT>0 s
an index to the ALT column)

Deletion CEnsaesn Phased data (G and C above

Insertion ;
are on the same chromosome)

Figure : VCF file info from
http://vcftools.sourceforge.net/VCF-poster.pdf

Phased alleles are on the same chromosome strand
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http://vcftools.sourceforge.net/VCF-poster.pdf

Tertiary analysis
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Differential gene expression analysis

log fold change
0
1

1e-01 1e+01 1e+03 1e+05

mean expression

Figure : Log2 fold-change of expression over the mean of counts
normalized by size factors. Differentially expressed genes (p<0.1) are red.

From the DESeq2 R package documentation
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Tertiary analysis

0@000000
Clustering
i
t2scaled
:
cluster 1 i
cluster 2 |
o i
o } G2ws
i
!
o i
2 7 i
i
~ i
& i
n i
[ '
L [
= ' 2
~ & !
E i
Qe G2C2s - oo\ N SR SR— -
D2C '
3 P2c2
o ; 8
B DZc1 ' A
i “Gaw1
T T T i T T
-150 -100 -50 0 50 100

Dim 1 (22.302%)

Figure : Multivariate grouping of stressed (W) and control (C) seagrass
samples. Most variation is explained by the first principle component

38/45



Tertiary analysis
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Visualizing differential expression

Color Key
B Atlantic stresssed
Atlantic control
B Mediterranean stressed
6,04 Mediterranean control
Value

phosphate-containing compound metabolic process
phosphorus metabolic process

cellular protein modification process

cellular process

ribosome biogenesis

IMP biosynthetic process

nitrogen compound metabolic process

Figure : Heatmap of functions that were differentially expressed between

Atlantic and Mediterranean seagrass samples.
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Tertiary analysis
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Outlier analysis

Before Selection After Selection
CE o = — s — -
I = — s e | I — o s
[ e ——— - -  — = — i = — )
 — — - E—  — — - —
 — = — s E— - —  — = — i = E—
E— —— —(—— v— — i —
I e e = — - —  — — - —
i = — s — - — s |  — = — - —  —
i i = ]  — — - —
= — - — - i —  — — - — —

——
Selective Sweep

Based on Vitti et al. (2012)
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Tertiary analysis
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QOutlier detection

4 Selective sweep Selective sweep
— —
Outlier locus
1 - r

Genotyped loci

41/45



Tertiary analysis
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Eukaryote genome annotation

Identify the strcuture and functional role

Transcription factor binding site

exon intron
Genome Find locus

l Transcription

pre-mRNA Find splice sites
RNA i
sragr || RNA procssing
mRNA m’G [ AAA,
l Translation Find ]
Polypeptide esesosscsssese Ind protein
l Protein folding domains
. o Find enzyme
Folded protein On... activity
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Gene ontologies

Tertiary analysis
©000000e

Molecular function

w5

B binding (1835)
W catalytic activity (1612)

O transporter act

O transcription regulator activity (113)
W enzyme regulator activity (73)

B structural molecule acti
B mol

O electron carrier act

ar transducer acl
ty (T8)
W antioxidant activity (13)

B protein tag (1)

Figure :

(Jacquin-Joly et al.,

Biological process

S
£

B eellular component organization (291}
W growth i31)

O signaling (234)

Odeath (3%)

W cellular process (1189}

B eell proliferation (24)

B metabalic process (1465)

O developmental process (233)

M biologieal regulation (473)

B multicellular al process (214)
O response to stimulus (152)
Dlocalization (432)

W reproduction (82)

2012)

‘D

Cellular component

B organelle (806}

B macromolecular mmplr!t (488)
O extracellular region (62)

O membrane u.ll.mi lumen (564
W cell (1614)

GO terms of unigenes in a moth genome
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Tertiary analysis
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Cloud of GO term enrichments

mitochondial membrano organzation
ostablishment o rotin localizaton to. 108G Metabokc process
‘oxtracaiiar mairx organization rbofiavin metabolic process
tassium ion transport

organic hydroxy compound metabolic proce.
Cbotarn ol oo TESPONSE to chemical stimulus
cellulose metabolic process cell wall organlzanon AT

soctato meabi pocnes-€Xternal enca sulatmg strumure organiz...
alcohol metabolic process P QStasis conar bogenic amine bosynthetc pro

‘””"‘“”“'W"‘““carbohydrate blosynt f2is POCESS e bossc s

response to stimulus

cell wall organization or biogenesis cell wal, modification "
cellular carbohydrate biosynthetic proce... . WW;: Sooiiets pricets

wow  cell redox homeostasis respanse fod ”g“”m"""“
Ui

rans
cellulose biosynthetic pvocess dnug ransmembrane anspor
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Figure : Term cloud of heat-responsive functions in seagrass
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